The presence of a nonspecific acid phosphatase which had high activity with 3-phosphoglycerate as substrate has recently been reported in Spinacia oleracea L. chloroplasts (Mulligan, Tolbert 1980 Plant Physiol 66: 1169-1173. The subcellular localization of this activity has been reinvestigated by differential centrifugation of spinach leaf homogenates. The fraction sedimenting at 1,200g comprised mostly intact chloroplasts and contained more than half the chlorophyUl but only 5% of the 3-phosphoglycerate phosphatase activity present in the homogenate. The fraction of the homogenate pelleting at 5,OOOg contained broken chloroplasts and had considerable 3-phosphoglycerate phosphatase activity. Further purification of the 1,200g peUlet fraction on a Percoll step gradient yielded greater than 95% intact chloroplasts, yet the phosphatase activity was reduced more than 15-fold on a chlorophyll basis by this purification.
Randall and Tolbert (9) first reported a PGA2 phosphatase in plants and characterized the enzyme from sugar cane leaves. In spinach leaves, most of this activity was soluble (11) although about 20% of the enzyme was bound to starch grains (10) which were presumably derived from chloroplasts. Subsequently, Mulligan and Tolbert (8) reported that about 25% of the PGA phosphatase activity in a spinach leaf homogenate was firmly bound to the chloroplast thylakoids. The enzyme was by no means specific for PGA and, as suggested by Mulligan and Tolbert, had the characteristics of an acid phosphatase. The presence of a thylakoid-bound acid phosphatase has also been reported in Sorghum (12) . Other phosphatases localized in the chloroplast ' Financial support was provided by a Queen Elizabeth II Fellowship. 2Abbreviations: PGA, 3-phosphoglycerate; P-glycolate, 2-phosphoglycolate.
include P-glycolate phosphatase (13) , inorganic pyrophosphatase (18) , fructose-1,6-bisphosphatase (2) and sedoheptulose-1,7-bisphosphatase (21) but all of these are virtually absolutely specific for their substrates and show negligible activity with other phosphate esters.
The presence of nonspecific phosphatases in chloroplasts has serious implications for the regulation of photosynthetic carbon metabolism. An uncontrolled hydrolysis of PGA concurrent with its formation by glycerate kinase (which is located in the chloroplast [20] ) would constitute a futile cycle which could effectively deplete the chloroplast of ATP:
Phosphatase: PGA--Glycerate + Pi Glycerate kinase:
Glycerate + ATP-*PGA + ADP Sum:
ATP--*ADP + Pi Because the level of PGA also regulates other reactions in the chloroplast, including enzymes of the photosynthetic carbon reduction cycle and of starch synthesis (15) , its uncontrolled hydrolysis would have far reaching effects on carbohydrate metabolism. For other phosphate esters of the carbon reduction cycle, which have no specific kinase for their regeneration, their hydrolysis woul result in depletion of the levels of sugar phosphate intermediates and inhibition of CO2 fixation (15) . The PGA phosphatase activity of spinach thylakoids reported br Mulligan and Tolbert (8) was greater than 100 ,umol mg-1 Chl h-compared with a rate of PGA synthesis (from ribulose-1,5-bisphosphate) of about 200 ,umol mg-' Chl h-' at air levels of CO2 (15) . The rates of PGA phosphatase are thus high enough to inhibit photosynthesis unless this activity is regulated or is compartmentalized within the chloroplast.
It is important to establish whether such a nonspecific phosphatase is located in the chloroplast. The results presented in this paper suggest that PGA phosphatase activity does not occur in chloroplasts in vivo but that the activity in chloroplast preparations results from contamination by an acid phosphatase, either adsorbed onto the thylakoid membranes during preparation or present on some other membrane. 1,200g for 1 min, the broken chloroplasts formed a sharp band at the interface of the Percoll pad, whereas the intact chloroplasts were pelleted. The material at the interface was removed with a Pasteur pipette and the remainder of the supernatant was withdrawn and discarded. The pellet was resuspended in the above medium minus Percoll.
MATERIALS AND METHODS

Plant
Fractionation of Protoplasts. Spinach mesophyll protoplasts were prepared by digestion of leaf slices with Cellulase and Macerozyme and purified on a sucrose-sorbitol step gradient as described previously (14) . The protoplasts were ruptured and the chloroplast and cytoplasmic fractions separated by silicone oil filtering centrifugation as described previously (14) .
Phosphatase Activity. Hydrolysis of PGA was measured with 25 mm Mes-KOH (pH 6.0) plus 10 mm PGA in a total volume of 0.5 ml. The reaction was started by adding PGA and the samples were incubated for 10 min at 22°C before stopping the reaction by adding 0.5 ml 25% TCA. Protein was removed by centrifugation and Pi in the supernatant was estimated with molybdate-FeSO4 according to the method of Taussky and Shorr (19) . For each sample, a blank was run under identical conditions but with PGA added after TCA to correct for Pi present in the sample. For each fraction it was established that the phosphatase activity increased linearly with the amount of enzyme added. The fractions were sufficiently diluted with Mes buffer to ensure rupture of any intact organelle. P-Glycolate phosphatase was measured as for PGA phosphatase except that the assay contained 2 mm P-glycolate and I mm MgCl2 instead of PGA. Chl was determined by the method of Arnon (1) . The percentage ofintact chloroplasts in each fraction was determined by measuring ferricyanide-dependent O2 evolution before and after osmotic shock as described by Lilley et al. (4) . Percoll, a procedure which also greatly reduces the contamination by mitochondria, peroxisomes, and other membranes (6, 7) . When the 1,200g pellet fraction was layered over Percoll and recentrifuged, the resulting pellet contained chloroplasts which were greater than 95% intact yet only 2% of the PGA phosphatase was pelleted by this procedure (Table II) . In a number of experiments, the specific activity of PGA phosphatase in intact chloroplasts purified by this method was less than 3 ,tmol mg-' Chl h-'. Most of the PGA phosphatase activity was recovered with the band of thylakoid membranes at the interface of the Percoll pad (Table  II) . Tables I and II   Table I (8, 10) . For confirmation, spinach leaf protoplasts were prepared to check the localization of this enzyme and of P-glycolate phosphatase, which has been shown to be located in the stroma of chloroplasts (17) . On a Chl basis the PGA phosphatase activity of purified protoplasts was less than half that in a mechanically prepared homogenate from the same leaves, suggesting that some of the phosphatase in the homogenate was derived from cells which do not form protoplasts during digestion of the leaf tissue. The chloroplast and cytoplasmic fractions were prepared from protoplasts as described before (14) . The protoplasts are ruptured by rapid centrifugation through a narrow aperture nylon mesh and the chloroplasts, which mostly remain intact, are then separated from the cytoplasm by sedimentation through a layer of silicone oil below the mesh. Within 6 to 8 s of starting the centrifuge, 90%o of the chloroplasts are separated into the pellet fraction which contains only 10lo to 15% contamination by mitochondria and peroxisomes and less than 5% by soluble cytoplasm as judged by the distribution of marker enzymes (14) . Less than 12% of the PGA phosphatase activity was recovered in the chloroplast fraction (Table III) and because this is below the known levels of contamination by mitochondria and peroxisomes, even this low level of activity is probably not in the chloroplasts. By contrast, the chloroplast fraction contained more than 60%o of the P-glycolate phosphatase activity (Table III) . This does not suggest that some of the P-glycolate phosphatase is outside the chloroplast since nor-specific phosphatases in the cytoplasmic fraction would also hydrolyze P-glycolate under these assay conditions, leading to artificially high P-glycolate phosphatase activities in the protoplast and cytosolic fractions. The ratio of P-glycolate phosphatase to PGA phosphatase in the protoplasts was similar to that reported previously for spinach leaves (11) but was increased almost 6-fold in the chloroplast fraction, indicating that the two enzymes were not both located in the chloroplast. Similar results to those in Table III were obtained when protoplasts from barley or wheat leaves were used.
RESULTS
Fractionation of Protoplasts. The results of
Binding of PGA Phosphatase to Thylakoids. Since PGA phosphatase is not localized in intact chloroplasts (Tables II and III) there are two possible explanations for the activity in the 5,000g pellet fraction, which contains chloroplast thylakoids. Either the phosphatase is a soluble enzyme which becomes adsorbed onto the thylakoids when the tissue is disrupted or the activity results from contamination of this fraction by some other membrane which has bound phosphatase. To test the possibility that the enzyme binds to thylakoid membranes during preparation, thylakoids free of phosphatase were prepared from the Percoll-purified intact chloroplasts by brief osmotic shock. When these thylakoids were washed through the 50,000g supernatant, the PGA phosphatase activity was only increased from 0.9 to 4.5 ,umol mgChl h-', compared to specific activities in excess of 200 ,umol mg-' Chl h-1 for the 5,000g pellet fraction (Table I) . Even if the intact chloroplasts were disrupted into the 50,000g supernatant with the Polytron blender, the pelletable activity did not exceed 10 ,umol mg 1 Chl h-1. All other attempts to bind the soluble PGA phosphatase to thylakoids were unsuccessful.
DISCUSSION
The results clearly demonstrate that PGA phosphatase is not a chloroplast enzyme nor is it associated with intact chloroplasts even though the activity in crude chloroplast preparations can be quite high. Intact chloroplasts purified from a leaf homogenate (Table II) or from protoplasts (Table III) (8) demonstrated that the enzyme in chloroplast preparations is not specific for PGA. With p-nitrophenyl phosphate, the pH optimum was below 5.5 and showed no cation requirement which suggests that the enzyme was a general acid phosphatase. Although the localization of acid phosphatase in plant cells has not been completely resolved, it appears that the major proportion of the enzyme is in the vacuole (3, 5) . It is possible that chloroplast preparations are contaminated by vacuolar material containing acid phosphatase.
The chloroplasts used by Mulligan and Tolbert (8) were pre-pared by centrifuging for 5 min at 5,000g or for 10 min at 12,000g and would undoubtedly also have been contaminated by other membranes. However, the PGA phosphatase activity remained associated with the thylakoid fraction even after sucrose density gradient centrifugation (8) . This highlights the care which must be taken in determining the localization of enzymes in plant cells and the dangers in using Chl as a marker for chloroplasts. In addition, it is clear that thylakoids prepared directly from leaf homogenates are likely to be contaminated by hydrolytic enzymes. Studies involving the formation or hydrolysis of phosphate esters would be greatly influenced by the presence of acid phosphatase. For example, even a relatively low rate of hydrolysis of ATP can significantly alter the apparent stoichiometry of phosphorylation in chloroplasts (16) . Even for studies which require only thylakoids, it would be prefereable to isolate and purify intact chloroplasts and then prepare thylakoids from them by osmotic shock. Compartmentation of synthetic and degradative pathways is an important mechanism of metabolic regulation. The effects of an unregulated phosphatase in the chloroplast would be far reaching and it is hardly surprising that all of the phosphatases so far found in chloroplasts are highly substrate-specific. A similar argument against the existence of unregulated phosphatases might also be proposed for the cytosol. The existence of a PGA phosphatase was first proposed to account for the apparent flow of carbon from PGA to glycerate during short duration labeling studies with "4CO2 (8) . If this conversion is achieved by a phosphatase, it is now clear that the hydrolysis must occur outside ofthe chloroplast. Further studies are required to assess the magnitude of the flux of carbon in this pathway from PGA to glycerate and seine and the steps involved as this would influence carbon flow through the photorespiratory pathway which is in the opposite direction (seine to PGA) and hence the regeneration of PGA for the photosynthetic carbon reduction cycle.
